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Background: There has been a considerable interest focused on the study of enhancement or suppression in
collectivity of the excited 2+

1 states in stable Sn isotopes. Independent measurements of Coulomb excitation
cross sections and 2+

1 level lifetimes report discrepant transition probabilities. Existing estimates for 2+
1 lifetime

indicate reduced collectivity.
Purpose: A reexamination of lifetime of the 2+

1 state in the most abundant 120Sn isotope is thus warranted. The
same has been carried out in the present work and the result has been used to determine the transition probability
as an indicative of the underlying collectivity.
Methods: Low-lying levels in the vibrational 120Sn nucleus have been excited by inelastic scattering with 32S
beam at Elab = 120 MeV. Level lifetime measurements have been carried out using the Doppler shift attenuation
method, wherein the Doppler affected γ -ray peaks have been analyzed using updated methodologies.
Results: From the measured lifetime of the 2+

1 state (Ex = 1171 keV) in 120Sn, τ2+
1

= 0.863+0.029
−0.036 ps, a value of

B(E2; 0+
g.s. → 2+

1 ) = 0.215−0.007
+0.009 is deduced. An estimate of the 4+

1 (feeder) level lifetime, τ4+
1

= 1.77+0.084
−0.089 ps, is

also reported from lineshape analysis of γ rays in cascade.
Conclusions: An enhancement in collectivity for the 2+

1 state is confirmed, following an improved determination
of the level lifetime, with reduced uncertainties. The excited 2+

1 state is also found to have a nonvanishing
moment of inertia, suggesting anharmonic nature of quadrupole vibrations.

DOI: 10.1103/PhysRevC.100.034327

I. INTRODUCTION

The determination of lifetimes of excited states is one of
the principal pursuits in nuclear structure measurements. The
corresponding transition probabilities reveal dynamic defor-
mations of the nuclear density and are the most direct and
unambiguous test of the collective nature of the excitation
modes. For transitions of multipolarity λ in nuclei, the electric
transition probabilities, B(Eλ), are often measured via, e.g.,
Coulomb-excitation and light- or heavy-ion-scattering exper-
iments. In a complementary approach, the B(Eλ) values can
also be determined if the spin and parity of the states involved
and the γ -decay branching ratio as well as the mean lifetime,
τ , of the excited state are known.

There exists a significant correlation between the excitation
spectra of nuclei obtained by electromagnetic decay and by
nuclear scattering. This correlation is qualitatively observed
when the low-lying 2+

1 levels of doubly even spherical nu-
clei are studied; matrix elements for nuclear excitation in
a direct interaction model are closely analogous to those

*ananyak.delhi@gmail.com

for electric multipole radiation between the same two states
[1]. In this context, the 2+

1 state in the stable even-mass
112−124Sn isotopes has been extensively probed by means of
Coulomb excitation [2–4], nuclear resonance fluorescence [5],
and inelastic scattering of electron [6], proton [7], α [8], and
heavy ions [9–11]. The transition probabilities, B(E2; 0+

g.s. →
2+

1 ), often measured with smaller uncertainties, have been
consolidated from several independent measurements into
the adopted values by Raman et al. [12]. These values are
enhanced over the Weisskopf single-particle estimates [13].
Existing theoretical estimates for excitations in 102−130Sn
based on single j-shell exact seniority model [14], as well
as large-scale shell-model calculations involving proton-core
excitations [15] also suggest highly collective quadrupole
transitions in the Sn isotopes, with a symmetric decrease
in B(E2) as the neutron number varies from the midshell
116Sn nucleus on either side, following a parabolic behav-
ior. This trend has been verified for the isotopes with mass
A > 116 by B(E2) measurements extending up to the un-
stable and neutron-rich 126−130Sn isotopes [16]. However, for
A < 116, the B(E2) values are found to increase first from
116Sn to 112Sn and stay nearly similar up to 106Sn within
experimental uncertainties, thereafter decreasing toward the
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neutron-deficient 104Sn [17–19]. The relativistic quasiparti-
cle random-phase approximation (RQRPA) calculations for
100−136Sn [20] have been fairly successful in justifying the
observed trend of the B(E2) values for both the neutron-
deficient as well as neutron-rich unstable isotopes, explaining
the sudden increase at the N = 82 shell closure [16,21] as well
as predicting a similar rise for the N = 50 shell closure. How-
ever, the RQRPA results are suppressed by up to ≈30% for
the stable 112−124Sn isotopes compared to the adopted values.
In the light of such discrepancies, unambiguous quantitative
assessments of collective properties for the 2+

1 level in the
stable Sn isotopes, with better understood structures, could
act as a reference for improved experimental and theoretical
studies of the unstable isotopes near shell closure, that are
expected to be of similar complexity.

Lately, a series of Coulomb excitation experiments on
112−124Sn, based on either direct estimation of τ2+

1
[22,23], or

direct measurement of B(E2; 0+
g.s. → 2+

1 ) [24,25], have been
reported with discrepant results. The B(E2) values deduced
from the level lifetimes reported by Jungclaus et al. [22]
are considerably lower than the adopted values across the Sn
isotopic chain, showing a departure from collectivity and with
a shallow minimum at 116Sn. These results have been much
disputed later by Allmond et al. [25] and Kumar et al. [24].
Though the overall mass dependence of the B(E2) values
is similar in both these measurements, they report markedly
different absolute values for the neutron-rich 120,122,124Sn
isotopes. The B(E2) results of Kumar et al. [24] are apparently
prone to normalization uncertainties as these quantities have
been estimated relative to the B(E2) value of the excited
58Ni projectile used in this measurement, chosen to be equal
to 0.065 e2b2, which is less than both the adopted value
[12] as well as the average value from a recent compilation
[26] of results of Coulomb excitation and electron-scattering
measurements on 58Ni. On the other hand, Allmond et al. [25]
report a robust measurement of the B(E2) values, along with
the static electric quadrupole moments QS (2+

1 ) and magnetic
dipole moments g(2+

1 ) for all the stable Sn isotopes to a high
degree of precision in an inverse kinematics experiment. The
B(E2) results are in good agreement with the adopted values
and predict an overall enhancement of collectivity.

There have been theoretical studies directed toward ex-
plaining the trend of low B(E2) values, with a shallow mini-
mum at 116Sn, from the lifetime results reported by Jungclaus
et al., (i) employing two sets of effective charges across the Sn
isotopic chain (for A > 116 and A < 116) for a shell-model
Hamiltonian with monopole and quadrupole pairing, and
quadrupole-quadrupole interaction between valence neutrons
[27], and (ii) a schematic two-level, generalized seniority
scheme concerned with the order of filling of the j orbits in the
Sn isotopes [14]. However, to reproduce the aforementioned
trend, these calculations predict B(E2) values further smaller
by ≈15–25%, particularly for the 114−120Sn isotopes. It may
be mentioned that the lifetime analysis for 118,120,124Sn by
Jungclaus et al. employed a natural Sn target covered by a
front layer of natural Pd, with γ rays detected in coincidence
with 58Ni projectiles backscattered from both Sn and Pd

foils. Since the 2+
1 excitation energies in the neighboring Sn

isotopes are closely spaced, a demerit of this choice of tar-
get is an apparent overlap between the Doppler broadened
high-energy tail of the lineshapes, particularly as seen for
120,122,124Sn in Refs. [22,23]. Additionally, there could be
contaminant γ energies from the Pd layer buried under the
lineshapes from the Sn nuclei, e.g., the decay of long-lived
levels in 106,108,110Pd with γ energies in the range of 1180–
1195 keV. This may amount to an erroneous estimation of
lifetimes in this analysis. The lifetime for 120Sn, τ2+

1
≈ 1

ps, is, however, found to be consistent with another mea-
surement by Sie et al. [28] involving γ rays in coincidence
with backscattered 35Cl projectiles. As reported in Ref. [28],
comparison of this lifetime with values inferred from absolute
Coulomb excitation cross sections indicated a discrepancy,
with this value being longer. An older measurement of τ2+

1
=

1.26 ps for 120Sn by nuclear γ -ray resonance absorption
method [29] also puts the B(E2) value in the region of much
lower collectivity. This is in contrast to a complementary
measurement [5] of angular distribution of photon-scattering
cross section that reports a very high B(E2) for 120Sn. Recent
heavy-ion-scattering measurements on the stable Sn isotopes
with probes 7Li [9] and 12C [11] also report enhanced B(E2)
values, consistent with the results of Allmond et al. [25].

In order to address the large disagreements across dif-
ferent experiments, particularly for the most abundant 120Sn
isotope, a new measurement using updated techniques is
warranted. The exercise is expected to facilitate concluding on
the lifetime of the 2+

1 state and, thus, the B(E2, 0+
g.s. → 2+

1 )
value determined therefrom. The present work reports such
a measurement of the 2+

1 lifetime using the Doppler shift
attenuation method (DSAM). This has been the technique
of choice in the subpicosecond regime and is based on the
analysis of Doppler affected γ -ray transition peaks emitted
by nuclei produced in a reaction that deexcites in-flight while
traversing through the target and/or the backing medium. The
present work is dedicated to the measurement of level lifetime
of the 2+

1 state in 120Sn (Ex = 1171 keV) that is populated by
means of inelastic excitation predominantly under the effect
of Coulomb interaction with a heavy-ion beam. The Doppler
shape of the 1171-keV transition, following the deexcitation
of the 2+

1 state, has been analyzed as elaborated on in the
subsequent text.

The paper is organized as follows. The experimental setup
is described in Sec. II. The analysis procedure that explains
the experimental spectra is described in Sec. III. The results
and their importance are discussed in Sec. IV, and summa-
rized in Sec. V.

II. MEASUREMENT

The low-lying excited states of 120Sn nucleus have been
populated using the 120Sn(32S, 32S′)120Sn∗ reaction at Elab =
120 MeV. The 32S beam was provided by the BARC-TIFR
Pelletron LINAC Facility, Mumbai. A beam energy below the
Coulomb barrier (VB ≈ 123 MeV) was chosen on the basis of
coupled-reaction-channels (CRC) calculations (i) to minimize
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the contribution of the nuclear field in the excitation process,
(ii) to have substantial inelastic-scattering cross section for the
excitation of the 2+

1 state in 120Sn, (iii) to suppress the exci-
tation of higher-energy states (such as higher multipolarities
and/or multiphonon excitations) that could feed the nuclear
level of our interest, and (iv) to minimize contamination
from other reaction channels such as transfer of nucleon(s)
and fusion (σF < 1 mb). The target comprised an enriched
120Sn foil of thickness ≈6.4 mg/cm2, with a 197Au backing
of thickness ≈6.2 mg/cm2. The excitation is governed by
well-defined two-body kinematics and energetics and pre-
dominantly mediated by the Coulomb interaction between the
collision partners. Emitted γ rays from the recoiling 120Sn nu-
clei have been detected using a segment of the Indian National
Gamma Array (INGA) [30], then consisting of 11 Compton-
suppressed segmented clover HPGe detectors, mounted at a
distance of 25 cm from the target center. The clovers were
distributed in the backward hemisphere with respect to the
beam direction at θ = 90◦ (three at φ = 60◦, 120◦, 300◦), θ =
115◦ (two at φ = 90◦, 330◦), θ = 140◦ (three at φ = 0◦, 120◦,
240◦), and θ = 157◦ (three at φ = 60◦, 180◦, 300◦). Time-
stamped list mode spectroscopic data have been acquired
using a digitizer-based data acquisition system. The acquired
decay events are sorted into spectra and Eγ -Eγ matrices using
the MARCOS [31] code. The matrices were both symmetric
as well as angle-dependent asymmetric for lifetime analysis.
The latter had the 90◦ detectors on the x axis, with detectors
at one of the other angles (157◦, 140◦, 115◦) on the y axis.
The detectors are calibrated in energy and efficiency using
standardized 133Ba-152Eu source. A resolution of ≈2.6 keV
has been obtained at an energy of 1408 keV.

In the singles spectra as shown in Fig. 1, a distinct Doppler
broadened shape is observed for the E2 transition peak at
1171 keV, corresponding to the deexcitation of the 2+

1 level
in 120Sn. The analysis of Doppler shapes following γ -ray
measurements in singles mode, where the angular distribution
of the recoiling ions is given by inelastic-scattering theory,
bears the advantage of improved counting statistics when
compared to a coincidence measurement for Elab < VB, where
the spectra are less populated (owing to low efficiency of
HPGe detectors). Nordhagen et al. [32] and Stokstad et al.
[33] have successfully demonstrated lifetime measurements
in 59Co, 63Cu, 150Nd, and 152Sm using Doppler shape analysis
of direct singles γ -ray spectra to be in good agreement with
those from independent measurements.

The γ rays are emitted in-flight, with the recoiling 120Sn
nuclei in relative motion with respect to the detectors in
the array and thus exhibit Doppler effect as expected. The
heavy-32S beam facilitates large excitation probability of the
target and imparts substantial recoil velocity (β ≈ 2%) to
the scattered nuclei. This is manifested into larger Doppler
broadening of the emitted γ rays as shown in Fig. 1. Owing
to inelastic scattering of 120Sn recoils with a wide angular
coverage as permitted by two-body kinematics (see inset of
Fig. 1), each HPGe detector recorded an inclusive decay
spectrum for scattering at all possible recoil directions. As 32S
is a spherical nucleus with well-defined excited states beyond
2 MeV, any contaminant γ energies in our region of interest
arising from projectile excitation are avoided.

FIG. 1. Raw γ -ray spectra recorded in HPGe clovers at different
angular positions in the laboratory frame for the 32S + 120Sn system.
The most dominant transition corresponds to the decay of the 2+

1

excited state of 120Sn at 1171 keV. Inset shows the calculated angular
distribution of the scattered 120Sn nuclei in the center-of-mass frame
(the moving source for the decay) at Elab = 120 MeV.

The origin of the additional peaks observed along with
those from 120Sn (Fig. 1) have been ascertained from the
coincidence analysis of a symmetric Eγ -Eγ matrix. These
peaks could be ascribed to the deexciting residues produced in
the fusion-evaporation reaction of the 32S beam with oxygen
in the partially oxidized 120Sn target. The dominant products
of such a reaction include 39K, 42Ca, 43Sc, etc., as indicated in
statistical model calculations with the PACE [34] code as well
as in experimental data on the decay of the same compound
nucleus (48Cr) at similar excitation energies [35]. The 1227-
keV peak, for instance, is presumably from the decay of 42Ca
and 43Sc nuclei while that at 1130 keV can be attributed to a
long-lived state (τ ≈ 12 ps) in 39K [36]. Most importantly, the
1157-keV peak, riding on the Doppler shape of the peak of
interest (1171 keV), is from a long-lived (τ ≈ 8.1 ps) state in
43Sc [37] and is not expected to affect the subsequent analysis
or the results therefrom.

III. LIFETIME ANALYSIS

Lifetime analysis of the 2+
1 state in 120Sn has been carried

out using the developments by Das et al. [38] in conjunction
with the LINESHAPE [39] package. The analysis principally
incorporates the trajectories of the scattered 120Sn nuclei
traversing in the target and the backing media wherein ad-
ditional considerations consequent to the use of thick target
are appropriately imbibed. The latter include evolving energy
of the beam, and the consequent angular distribution of the
scattering cross section, along the target depth as well as
energy-angle distribution of the scattered nuclei respective
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FIG. 2. Typical calculated relative population distribution of the
scattered 120Sn recoils in their 2+

1 excited state as a function of
laboratory scattering angle θLAB

rec and kinetic energy Erec in the 32S +
120Sn system at Elab = 120 MeV.

to the changing beam energies. This determines the relative
population distribution of the recoils (see Fig. 2). These
trajectories are used to determine the velocity profiles of the
scattered nuclei, as viewed by the γ -detectors and, with input
of the level scheme information, to calculate the Doppler
shape of the γ rays of interest. The implementation of this
methodology in the present context is elaborated hereafter.

Given the substantial thickness of the target foil that leads
to appreciable energy loss of the incident beam, the cross sec-
tion for inelastic excitation of the 120Sn nucleus to its 2+

1 state
at different beam energies along the target thickness has been
estimated in the framework of a CRC model using FRESCO

[40]. The calculations have been performed by coupling the
major direct reaction channels to the entrance channel, such as
(i) the low-lying 2+

1 and 3−
1 states of 120Sn at Ex = 1.171 MeV

and 2.401 MeV, respectively, treated as collective vibrational
one-phonon states with B(E2; 0+

g.s. → 2+
1 ) = 0.21 e2b2 [25]

and B(E3; 0+
g.s. → 3−

1 ) = 0.09 e2b3 [4]; (ii) the first-excited
2+ state of 32S lying at 2.231 MeV, with B(E2; 0+

g.s. → 2+
1 ) =

0.033 e2b2 and static quadrupole moment QS (2+
1 ) = −0.20 b

[41]; and (iii) transfer channels corresponding to pickup of
neutron(s), (32S, 33S) and (32S, 34S), with unit spectroscopic
factors. The coupling effects of excited states of 120Sn with
higher multipolarities or of multiphonon nature are found to
be negligible. For instance, the excitation probability of the
4+

1 state at Ex = 2.194 MeV, coupled as a double-quadrupole
phonon state, is found to be very poor. The projectile-target
interaction is governed by the Coulomb potential as well as
an optical nuclear potential of Woods Saxon form, with a
short-ranged imaginary part to account for the fusion process.
The effect of nuclear coupling on the excitation of the 2+

1 state
in 120Sn is found to be inconsequential, and the angular dis-
tribution of the scattering cross section is primarily governed
by the Coulomb interaction. The calculations indicate a sharp
decline in the 0+

g.s. → 2+
1 excitation cross section at beam

energies below 95 MeV. Consequently, a target thickness of
≈3.2 mg/cm2 can be ascribed to the production of the 120Sn
recoils in their 2+

1 excited state and thus of the deexciting γ

rays (effective production thickness). The remaining thickness
of the target foil and the Au backing operate only as stopping
media for the energetic recoils. The production thickness

of the target was binned into six divisions of decreasing
beam energy, each characterized by individual energy-angle
distribution of the scattered 120Sn nuclei in the 2+

1 state.
One of the key inputs, as well as a significant source of

uncertainty, in DSAM analysis is the simulation of trajectories
of the recoiling nuclei of interest traversing in the target and
the backing media. Strongly dependent on the stopping power
of these media, the trajectories are typically represented by
the velocity (β) and the direction (direction cosines) of the
recoiling nuclei in uniform time steps. It is understood that
the uncertainties on the stopping powers would affect the
simulations and eventually the lifetime results. There have
been several approaches for determining the stopping powers,
principally through theoretical modeling based on available
experimental data. One of the early developments in this
domain was put forth by Blaugrund [42] based on the theory
of electronic and atomic collisions of Lindhard et al. [43] to
calculate specific energy losses of recoiling ions. The quoted
uncertainty on the stopping powers estimated therefrom is
within 20–25% [43]. This is of significance in the present con-
text since the analysis of Sie et al. [28] that led to the lifetime
result of the 2+

1 state in 120Sn to be τ2+
1

≈ 1 ps is entirely based
on the Blaugrund formalism. Later developments in the stop-
ping power modeling include those by Ziegler [44] as well as
Northcliffe and Schilling [45]. These are essentially based on
the proton and α stopping data applied to scaling algorithms
for calculating the stopping powers for heavy ions. The results
therefrom have been found to be discrepant, particularly at
low kinetic energies [46]. These models have been adopted
in the lineshape analyses of Refs. [22,23] as reported by
Jungclaus et al.

A more rigorous approach incorporating Monte Carlo cal-
culations in the treatment of nuclear scattering was demon-
strated by Currie [47] to be superior to an analysis using
Blaugrund’s formalism. The corresponding γ -ray shapes were
accompanied by lower uncertainties. However, the weakest
point continued to be the uncertainties in absolute stopping
powers. This can be remedied with the use of the contem-
porary SRIM + TRIM [44] packages, involving a database
of updated and experimentally benchmarked stopping powers
for heavy ions in a wide variety of media, with an uncertainty
of a modest ≈5% [48] and known to be highly reliable in the
kinetic energy range of 0.001–1000 MeV/nucleon [46]. The
present analysis is based on the stopping powers calculated
in the SRIM code and simulation of trajectories carried out
using the TRIM program as implemented in the methodology
developed by Das et al. [38]. The trajectories of the 120Sn nu-
clei, through the target and backing foils, have been simulated
in time steps of 0.002 ps. The origin of the trajectories were
distributed across the production thickness of the target binned
into six divisions as per the evolving excitation cross section
of the 120Sn in the 2+

1 state.
The simulated trajectories were used to calculate the veloc-

ity profiles of the recoils, as viewed by the different detectors,
using the HISTAVER program of the LINESHAPE package. The
inputs therein, apart from the simulated trajectories, were
target-detector distance, detector radius, and detector angles
(θ, φ) with respect to the beam direction. The velocity profiles
were calculated for individual (clover) detectors at different
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FIG. 3. Experimental Doppler broadened γ spectra and the re-
sults of the LINESHAPE calculations (solid lines) for the 2+

1 → 0+
g.s.

decay in 120Sn, at Ex = 1171 keV, are shown along with the linear
fit of the background (dotted lines). The dashed lines represent
deconvoluted fit of the additional stopped peak from the decay of
a long lived (τ ≈ 8.1 ps) state in 43Sc [37] and is not expected to
affect the lineshape of the 1171-keV peak. The lifetime values in the
individual figures follow the least-squares fitting of the experimental
spectrum at the respective angle. The final value for the lifetime has
been extracted from simultaneous fitting of the spectra at all angles
(please see text).

angles, for analyzing individual detector spectra. The LINE-
SHAPE code uses these velocity profiles and the level scheme
inputs (transition energy, side feeding intensity, etc.) to cal-
culate Doppler shapes of the γ ray of interest at different
angles. The calculated shapes are least-squares fitted to the
experimental spectra to extract the results of level lifetime,
τ2+

1
, and transition quadrupole moment, Q02 [39].
The fitting parameters include the level lifetime, transi-

tion quadrupole moment, the side feeding (if any) time and
spectral parameters such as the background and the height of
any additional contaminant peak in the fitting range. In the
current analysis, single detector (clover) spectra at 11 different
(θ, φ) positions have been fitted simultaneously as per the
standard procedure [49], which facilitates to constrain the
multiple parameters associated with the minimization exer-
cise. Figures 3(a)–3(d) illustrate typical fits of the γ -ray peak
of interest, 1171 keV from 120Sn, represented by continuous
curves. The fitting exercise incorporated the 1157-keV peak
riding on the Doppler shape of the 1171 keV. A lifetime value
of τ2+

1
= 0.863+0.029

−0.036 ps, and a transition quadrupole moment

of Q02 = 1.468−0.024
+0.033 eb, are obtained from this analysis. The

quoted uncertainties were derived from χ2 analysis of the fit-
ted values and do not include the systematic effect of the
uncertainties on the stopping powers. However, given that
these were from the SRIM code, the uncertainties therefrom
are known to be ≈5% [48] and significantly less than the
earlier models used in conventional analyses.

Another uncertainty in lifetime analysis, following DSAM,
pertains to (side) feeding from states above the level of
interest. If these cannot be accounted appropriately, then the
lifetime result on the state of interest is, at best, an upper
limit of the same. As per the level scheme of 120Sn [50],
the 2+

1 state is fed by E2 decays from (i) the 4+
1 state via

1023-keV, (ii) the 0+
2 state via 704-keV, and (iii) the 2+

2 state
via 926-keV transitions. These are, however, not expected to
impact the aforementioned lifetime result of the 2+

1 state due
to the following factors. As per the CRC calculations, the
population of these feeder states is rather low. These states
are long lived ones [50] and feeding therefrom is expected to
be insignificantly Doppler affected. The feedings were nev-
ertheless incorporated into the analysis, with intensity ≈10%
for the expectedly strongest 4+

1 → 2+
1 branch at the chosen

bombarding energy, and observed to cause a variation in the
lifetime result of the 2+

1 level within the quoted uncertainties.
The side feeding from the 3−

1 state (Ex = 2401 keV), through
1228-keV transition, has been found to be insignificant in this
case. In fact, the statistics on the 1171-keV peak, with gate on
1228-keV transition in the angle-dependent matrices, is rather
sparse for any conclusive analysis.

Traditionally, the analysis of the Doppler shapes or shifts
are preferably carried out with coincident spectra correspond-
ing to a gate set on a transition above the transition of interest
in a cascade. Such an implementation eliminates the effects
of any feeding, other than the gating one, and facilitates in
improving the accuracy of the measurement. As far as the
current measurement is concerned, the 1023-keV transition
from the decay of the 4+

1 state could have qualified for the
purpose, and the lifetime analysis of the 2+

1 level could have
been pursued with gated spectra of the 1023-keV transition.
However, as it has been brought out in the preceding text,
the feeding from the 4+

1 level is inconsequential and the
corresponding coincidence spectra, with gate set on 1023-keV
transition, are plagued with dearth of sufficient statistics for
reliable fitting (not shown here). It is worth noting that the
4+

1 level is long lived (τ4+
1

≈ 2 ps) [50] compared to the 2+
1

state. Consequently, only a part of this feeding population
contributes to the Doppler shape of the 1171-keV transition,
deexciting the 2+

1 state, further vexing the analysis in the
top-gated spectra (contribution is primarily to the stopped
component at 1171 keV). To verify this claim, the Doppler
shape analysis could be pursued for the 1023-keV transition
in the coincident spectra with gate on 1171 keV and lifetime
of the 4+

1 state be extracted therefrom. Figures 4(a)–4(c)
illustrate the representative fits obtained from asymmetric
angular matrices, with 90◦ detectors on one axis and one
of the backward angles (157◦, 140◦, 115◦) detectors on the
other axis, with gate set on the 1171-keV transition at the 90◦

detectors. The corresponding lifetime, τ4+
1

= 1.77+0.084
−0.089 ps,

translates into a B(E2; 4+
1 → 2+

1 ) = 0.041+0.002
−0.003 e2b2, in com-

pliance with the previously published [4] value of 0.035(11)
e2b2. Since the lifetime analysis of the 4+

1 state has been
carried out with a gate set on a transition below the transition
of interest, it may be argued that τ4+

1
is actually an upper limit

on the same. However, realistically speaking, the excitation
reaction used herein has tenuously populated the states that
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FIG. 4. γ -ray spectra gated with the 2+
1 → 0+

g.s. transition
(1171 keV) in 120Sn showing the coincident 4+

1 → 2+
1 transition

(1023 keV). Asymmetric angular matrices, 90◦ versus (157◦, 140◦,
115◦), have been used for generating the coincidence spectra with
gate set on the 1171-keV transition at the 90◦ detectors. The fits
to the accompanying weak structure of the E2 decay peak lead to
the lifetime, τ4+

1
, of the decay. The lifetime values in the individual

figures follow the least-squares fitting of the experimental spectrum
at the respective angle. The final value for the lifetime has been
extracted from simultaneous fitting of the spectra at all angles.

are still higher up in the excitation scheme of 120Sn, following
which the aforementioned value of τ4+

1
can be perceived as

its actual, at least within the purview of the present analysis.
It may thus be concluded that the contributions from the
dominant feeder levels to the broadened shape of the 1171-
keV peak is insignificant and the result of τ2+

1
= 0.863+0.029

−0.036

ps is equivalent to the mean lifetime of the 2+
1 state.

TABLE I. Lifetime τ and transition probability B(E2) for the
λ = 2 (1171-keV) excitation in 120Sn, compared with a few recent
estimates.

τ2+
1

B(E2; 0+
g.s. → 2+

1 )
(ps) (e2b2) Method Ref.

0.863+0.029
−0.036 0.215−0.007

+0.009 DSAM This work
— 0.215(9) (7Li, 7Li′) [9]
— 0.217(20) (12C, 12C′) [11]
0.97(5) 0.191(10) DSAM [22]
— 0.210(9) CoulEx. [25]
— 0.188(7) CoulEx. [24]

IV. RESULTS

From the measured lifetime τ2+
1
, the transition probability

for the 2+
1 → 0+

g.s. decay with E0
γ = 1.171 MeV was deduced

as follows:
1

B(E2; 2+
1 → 0+

g.s.)
= 1.225 x 109(E0

γ

)5
τ2+

1
. (1)

With B(E2; 2+
1 → 0+

g.s.) = ( 1
5 )B(E2; 0+

g.s. → 2+
1 ), the results

of the lifetime and the transition probability are summarized
in Table I, along with the estimates from a few recent measure-
ments. It may be emphasized here that the results of τ2+

1
and

B(E2; 0+
g.s. → 2+

1 ) are not grossly different from the existing
values. This affirms that the partial oxidation of the production
thickness of the target foil may not have been veritable enough
to significantly affect the stopping power (compared to that of
elemental Sn), and a vast majority of the excited Sn recoils
are slowed down in the enriched Sn medium. The consequent
uncertainty, if any, is presumably covered within the statistical
uncertainty of the lifetime result. As a case study, Ref. [49]
reports a measurement on the level lifetimes in 32P populated
in a reaction involving an oxidized target. In the absence of
absolute quantification of oxide phases in the target, a large
deviation from the expected value is shown for the lifetime of
the 1755-keV state in 32P with variations in assumed density
of the target foil. In comparison, the partial oxidation in the
present work can be expected not to have affected the density
of the target foil in the region where the slowing down occurs,
thereby leading to a realistic lifetime numbers of worth and
reason. Given the accuracy of the methodology adopted in the
present work, with lower uncertainty on the stopping power,
the present result is an improved estimate of the 2+

1 level
lifetime in 120Sn by the DSAM method.

A. Enhanced B(E2; 0+
g.s. → 2+

1 )

The result from lifetime analysis confirms enhanced col-
lectivity in the 2+

1 excitation in 120Sn, with B(E2)/B(E2)sp ≈
12.3, where B(E2)sp gives the standard Weisskopf single-
particle estimate [13]. The present result is compared with
some recent estimates of B(E2) for the Sn isotopes by differ-
ent techniques, namely Coulomb excitation, lifetime measure-
ment and heavy-ion scattering, in Fig. 5. The results deduced
from the present and existing lifetime analyses do not include
the systematic uncertainties from the stopping powers, which
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FIG. 5. Systematic plot of B(E2; 0+
g.s. → 2+

1 ) values for the sta-
ble even-mass Sn isotopes using the data obtained from existing
measurements [9,11,12,22,24,25] and the one from the present mea-
surement for the 120Sn isotope.

are ≈5% and ≈10%, respectively. It is noteworthy that the
present result is in very good agreement with the B(E2)
value reported by Allmond et al. [25] as well as with the
recent results from heavy-ion-scattering measurements with
7Li [9] and 12C [11] projectiles. It has been suggested [1] that
heavy-ion inelastic scattering preferentially excites nuclear
states having a collective nature, thus supporting the result
of the present work. While the results of Kumar et al. are in
agreement with those of Allmond et al. for 112−118Sn, they
are closer to the results of Jungclaus et al. for 120−124Sn, in
contradiction to the result of this work.

B. Nonzero moment of inertia for the 2+
1 state

In the course of this work, an attempt has been made
to unambiguously determine the mean lifetime for the 2+

1
state in 120Sn. The corresponding Q02 value is also extracted.
The comparison of experimental and theoretical values of
structural parameters of excited states provides a test for the
validity of nuclear models. A survey [51] of the spin-parity
of first excited states in even-even nuclei shows that they are
predominantly 2+ and are often found to be of collective
vibrational or rotational nature. The low-lying 2+

1 states in
rare-earth even-even nuclei with cylindrical symmetry in the
body-fixed frame, depopulated by enhanced E2 (2+

1 → 0+
g.s.)

transitions and with large static quadrupole moments, were
recognized by Bohr and Mottelson [52] as the missing lev-
els of their ground-state rotational bands, with characteristic
moments of inertia. While such ground-state bands are not
found in spherical nuclei, theoretical estimates [53] as well as

several measurements of nonzero static quadrupole moments
for the 2+

1 states in such nuclei are at variance with the near-
harmonic vibrational model of excitations, which associates
no rotational energy to degrees of freedom corresponding to a
spherical symmetry. Although the accuracy of determination
of static quadrupole moments in excited states is not appre-
ciable (50–100%) as that for transition quadrupole moments
(2–10%) [54], a conclusion can be drawn about the existence
of a nonvanishing moment of inertia, I2+

1
�= 0, in excited

2+
1 states of spherical nuclei. For instance, the static electric

quadrupole moment of 2+
1 state of 120Sn has previously been

determined by means of the reorientation effect [2,3] and is
found to be small, 0.09 ± 0.10 eb but nonzero. The charac-
teristics of both the ground-state deformed and ground-state
spherical nuclei have been successfully unified with the idea
of spin-dependent moment of inertia for a wide range of even-
even nuclei by means of the semiclassical variable moment of
inertia (VMI) model [55] that defines an energy spectrum of
states exhibiting rotational character,

EJ (IJ ) = 1

2
C

(I2
J − I2

0

) + 1

2IJ
J (J + 1). (2)

The parameters C and I0 are the restoring force constant
and the ground-state moment of inertia, respectively. The
equilibrium condition ∂EJ (IJ )/∂IJ = 0 determines IJ as the
moment of inertia (in units of h̄2) for a state J . For a ground-
state spherical nucleus, the above prescription can be written
in the limit of I0 → 0 as

EJ (IJ ) = 3

4

J (J + 1)

IJ
. (3)

The VMI model proposes an empirical relationship [55,56]
between the 2+

1 → 0+
g.s. transition quadrupole moment, Q02,

and transition moment of inertia, I02, for nuclei in the mass
range 12 � A � 252 as:

Q02 = KA1/4
√
I02, (4)

where K = 10.5 eb keV1/2 and I2
02 = 1

2 (I2
0+

g.s.
+ I2

2+
1

) [56].

The correlation between values of transition quadrupole mo-
ments from Ref. [57] and moments of inertia given by
the VMI model [55] is shown in Fig. 6 for several even-
even nuclei (hollow symbols) with atleast some states of
rotational character. The curve represents the best-fit to
Eq. (4).

With the 2+
1 state at E2+

1
= 1171 keV in 120Sn, a value

of I2+
1

≈ 0.00384 keV−1 is obtained. The Q02 value from
Table I is plotted against the VMI model-predicted I02, as
shown by the filled symbol in Fig. 6. The symbol falls on the
best-fit curve. This confirms presence of anharmonicity in the
0+

g.s. → 2+
1 intrinsic excitation is 120Sn, suitably explained by

the existence of a nonvanishing angular momentum dependent
moment of inertia. Measurements of level lifetimes and tran-
sition quadrupole moments can thus be an important tool to
test nuclear models.
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FIG. 6. Transition quadrupole moment Q02 versus A1/2I02 for a
wide range of nuclei. The abscissae have been calculated by the VMI
model in Ref. [55]. The data for Q02 (hollow circles) are taken from
Ref. [57]. The solid curve gives the best-fit to Eq. (4). The red solid
symbol represents the result of the present work, with Q02 extracted
from DSAM lifetime analysis and I02 calculated using VMI model
prescription.

V. SUMMARY

The mean lifetime of the 2+
1 level in 120Sn (Ex = 1171 keV)

has been determined using DSAM implemented through up-
dated methodologies, and the corresponding B(E2; 0+

g.s. →
2+

1 ) value is deduced therefrom, signaling enhanced collectiv-
ity. Independent measurements of 2+

1 lifetime over the years
have reported discrepant transition probabilities and collective

properties. The present result is in excellent agreement with
the results of Allmond et al., where the B(E2) value has been
measured in conjunction with the static electric quadrupole
and magnetic dipole moments. Several theoretical estimates
focused on reproducing the existing B(E2) results for the
unstable neutron-rich and the neutron-deficient Sn isotopes
predict much lower B(E2) values for the stable Sn isotopes.
This spells out the need for improved theoretical calculations
for the 100−136Sn chain. The present result is an improved
estimate of the 2+

1 level lifetime in 120Sn, characterized by
lower uncertainties compared to previous efforts. An estimate
of the 4+

1 level lifetime is also presented, in compliance with
the predicted value. A similar analysis for the other stable Sn
nuclei may be expected to lead to a similar conclusion about
enhancement of collectivity. The corresponding transition
quadrupole moments can be useful as a test for arharmonicity
in the 2+

1 transition in the spherical Sn nuclei. A precise
measurement of level lifetime also reduces uncertainty in the
estimation of the proton transition matrix element [58], which,
in conjunction with the neutron transition matrix element
obtained from light- or heavy-ion-scattering experiments,
would allow the determination of proton and neutron effective
charges to be used in shell-model calculations of transition
rates.
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